The rhoptry-associated proteins 1 and 2 (RAP1 and RAP2) form a low-molecular-mass complex located in the rhoptries of Plasmodium falciparum (5, 9) . The rhoptries are a pair of organelles at the apical end of the parasite that are involved in the invasion of erythrocytes; thus, molecules in the rhoptries were among the first components identified as potential candidates for a subunit vaccine. Subsequent studies have borne out this potential. Monoclonal antibodies (MAbs) directed against rhoptry-associated proteins have been shown to provide substantial inhibition of parasite invasion in vitro (7, 17, 19, 22, 29, 37) . In addition, protein preparations containing both RAP1 and RAP2 have been used to immunize Saimiri monkeys. In these studies, the immunized monkeys developed a lower peak parasitemia than nonimmunized controls and were protected from subsequent lethal blood-stage challenge with P. falciparum (9, 30, 32, 34) in a way similar to the protection acquired by immunization with whole merozoite (27, 39, 46) . Two rhoptry-associated proteins, RAP1 and RAP2, have been sequenced (20, 36) . Unlike many other P. falciparum antigens, RAP1 and RAP2 exhibit a high degree of sequence similarity among P. falciparum isolates. Isolates from Honduras, Sierra Leone, Tanzania, India, Thailand, The Netherlands, Uganda, and Vietnam have been sequenced for RAP1, and isolates from Honduras, Papua New Guinea, The Netherlands, Uganda, and Vietnam have been sequenced for RAP2 (9, 20, 21, 33, 36) . Thus, it is thought likely that RAP1 and RAP2 proteins may provide a relatively isolate-independent protective immunity in humans compared to other P. falciparum antigens.
Immunity to the erythrocytic stages of P. falciparum is acquired following repeated clinical and subclinical infections. Antibodies play an important role in protection. This was first demonstrated by the passive transfer of antibodies from immune adults to children with acute P. falciparum infection, dramatically reducing their parasitemias (8) . More recently, high levels of antibodies to certain defined asexual stage antigens (RAP1, MSP-1, RESA, MSA2, a glutamate-rich protein [GLURP] , and the P. falciparum ring erythrocyte surface antigen [RESA]) have been reported to correlate with decreased parasite densities in some but not all studies (1-3, 12, 13, 18, 25, 35, 44, 45) .
Production of antibody requires help from T cells which are activated by interaction with an HLA class II-peptide complex (14) . Many different alleles of HLA genes exist within the population, and these allelic products differ in their abilities to bind and present different antigenic determinants of proteins. Even a single amino acid difference between HLA allelic products is sufficient to generate differences in their abilities to bind and present peptides (11, 23) . Thus, definition of HLA alleles at the nucleotide level is required for adequate dissection of the interaction between HLA and an immune response. Most, but not all, recent studies, which have used DNA-based HLA typing, have reported associations between HLA class II alleles and antibody production or levels to various malarial antigens (4, 6, 16, 26, 40, 45) .
In this study, we examined the effects of age and HLA-DRB1 and -DQB1 allelic products on the level of antibodies to recombinant forms of RAP1 and RAP2 in individuals between the ages of 5 and 70 years. The recombinant proteins have been found to be immunogenic in animal models and share linear epitopes with native antigens as detected by the human immune system (41, 43, 44) .
MATERIALS AND METHODS
Population and sample collection. The study was conducted in Etoa, a village of 485 individuals in central Cameroon where P. falciparum malaria is holoendemic. Etoa is located in the forest zone and has an equatorial climate. All ethical concerns were first cleared by the Cameroonian Ministry of Health and the local district health and administrative officials. The epidemiology of the study site is described fully elsewhere (I. A. Qyayki et al., submitted for publication). There are two rainy seasons (March to June and September to November). Malaria transmission is perennial, with peak infectivity during the rainy seasons. A malaria prevalence survey, performed at the beginning of the spring rainy season in 1995, indicated that P. falciparum prevalence was approximately 70% in children under 10 years of age and approximately 30% in individuals over 10 years of age. Immediately after the prevalence study was completed, peripheral whole blood was obtained from volunteers, tested for T-cell proliferation, and typed for HLA-DRB1 and HLA-DQB1 alleles, and plasma was assayed for antibody to various asexual stage antigens. Due to the amount of blood required, children under 5 years of age were not included in the study. Plasma antibodies to recombinant RAP1 and RAP2 were measured in 131 individuals from 53 different families. Family members with identical HLA-DR and -DQ alleles were removed from the data set.
rRAP1 and rRAP2. Purified rRAP1 and rRAP2, expressed in Escherichia coli, is identical to material used in animal immunogenicity studies (41, 43) . The products have been extensively purified as reported previously (41, 42) . Briefly, inclusion bodies were extracted, and RAP proteins were separated on a Ninitriloacetic acid resin (Qiagen, Inc., Valencia, Calif.). Further purification to clinical grade was performed by a modified version of isotachophoresis (42) . Recombinant RAP1 (rRAP1) contains a shortened form (amino acids 23 to 608) of the mature sequence specified by the K1 allele of RAP1, while rRAP2 contains the entire mature polypeptide sequence specified by the FCQ27-PNG allele of RAP2.
Determination of HLA alleles. DNA was isolated from whole blood drawn in EDTA by using the Puregene DNA isolation kit (Gentra Systems, Inc., Minneapolis, Minn.). Allele level typing was performed for HLA-DRB1 and -DQB1 (except for DRB1*04 and DQB1*02) by using probes and primers obtained commercially (Lifecodes Corporation, Stamford, Conn.) and augmented, whenever necessary, for allele resolution. Because of the high occurrence of DR52 group alleles in the Cameroonian population, primer sets employing two reverse primers specific for the Val-Gly polymorphism at amino acid 86 of DRB1 were used (38) . The following alleles could be resolved by the sets of primers and probes used: DRB1*0101-0104, *1501-1506, *1601-1608, *03011-0309, *04, *0701, *0801-0816, *0901, *1001, *1101-1126, *1201-1205, *1301-1315 and *1317-1327, and *1401-1425, and DQB1*02, *0301-0305, *0501-0504, *0601-0608, and *0401-0402.
ELISA. Enzyme-linked immunosorbent assay (ELISA) procedures have been previously described (31, 41) . Briefly, 96-well flat-bottom microtiter ELISA plates (Immunoplate [Maxisorp]; Nunc) were coated with 25 ng of rRAP1 or 100 ng of RAP2 per well in phosphate-buffered saline (PBS). Sera were diluted 1:200 in diluent (0.05% Tween 20-1% bovine serum albumin in PBS), added to blocked antigen plates in triplicate, and incubated for 90 min at 37°C. Positive and negative controls were set up for every plate. Wells were washed again in washing buffer (0.05% Tween in PBS), and horseradish peroxidase-conjugated goat anti-human immunoglobulin G (gamma-chain specific) (Bio-Rad Laboratories) was added. After incubation for 2 h at room temperature, the wells were washed, and substrate (o-phenylenediamine dihydrochloride) (Pharmacia/Amersham) was added. The reaction was read at an absorbance of 450 nm by using a Titretek Multiscan apparatus (Titertek; Flow Laboratories). For all of the ELISAs, the mean baseline level of positivity was an absorbance of Ͼ2 standard deviations above the mean optical density (OD) of sera from 30 nonexposed Europeans with no history of malaria (negative control sera). The mean OD plus two standard deviations was 0.2. Prior standardization of the rRAP1 and rRAP2 ELISA by titration of sera from malaria "immune" adults established that sera with an OD ranging from 0.4 to 0.79 gave an endpoint titer of Ͻ1:2,000. Sera with an OD of Ͼ0.8 corresponded to an endpoint titer of Ͼ1:10,000. Sera from malaria immune adults with high-titer or low-titer malaria antibody (positive control sera) and two MAbs (MAb 7H8/50 for RAP1 and MAb 3A9/48 for RAP2) were used as controls.
Data analysis. The statistical analysis was performed by using SAS software (SAS Institute, Inc., Cary, N.C.). Regression analysis was performed by using the OD as the dependent continuous variable and HLA alleles and age as the independent variables. Also, age was dichotomized into two groups. However, different dichotomies were used for RAP1 and for RAP2 based on the age related changes observed in the OD to these proteins. For the RAP1 study, the two age groups were children between the ages of 5 and 15 years and individuals over the age of 15 years. For the RAP2 study, the two age groups were individuals between the ages of 5 and 30 years compared to individuals over the age of 30 years. Any variable which was significantly associated with RAP1 or RAP2 antibody levels at the simple regression was entered into a multiple regression.
Variables which were nonsignificant in the multiple regression analysis at the 0.1 level (i.e., an observed P value of Ͼ0.1) were eliminated. An interaction term was included (age*allele) to test whether the association between the OD and DRB1 or DQB1 is significantly different for the two age groups. If this term was significant upon including the DRB1 or DQB1 term and the age term, then we could conclude that the age association with RAP1 (or RAP2) depended on whether or not one had a specific DRB1 or DQB1 allele.
RESULTS
Antibody levels to RAP1 and RAP2 are age related. ELISAs were performed using rRAP1 and rRAP2 with the sera from
]) using the Wilcoxon rank sum pairwise test. Thus, the median OD of one age group (e.g., 5 to 10 years) was compared to that of the adjacent age group (e.g., 10 to 15 years). Figure 1 shows the results for RAP1. A significant change in the median OD was observed only between the 10-to 15-year and the 15-to 30-year age groups. When the data were pooled for the 5-to 15-and for the Ͼ15-year age groups, the difference between the two groups was highly significant (P ϭ 0.0002; 5 to 15 year, median OD ϭ 0.66; Ͼ15 year, median OD ϭ 0.81). Figure 2 shows the results of Wilcoxon rank sum pairwise tests comparing the median antibody responses for rRAP2 between adjacent age groups. For RAP2, the median OD significantly decreases in the 10-to 15-year age group compared to the 5-to 10-year age group. However, the mean OD of the 15-to 30-year age group is almost equal to that of the 5-to 10-year age group. There is a significant increase in OD between the 15-to 30-year and the Ͼ30-year age groups. When the data were pooled for the 5-to 30-year and the Ͼ30-year age groups, the difference between the two groups was very significant (P ϭ 0.006; 5 to 30 year, median OD ϭ 0.50; Ͼ30 year, median OD ϭ 0.61). Note that the median OD of antibody to RAP2 (i.e., 0.62) is lower than the median OD to RAP1 (i.e., 0.81) in adults over the age of 30 years. Based on prior standardization of immune sera by titration, these OD values correspond to titers of Ͻ1:2,000 for RAP2 and of Ͼ1: 10,000 for RAP1.
Effect of HLA and age on antibody levels to RAP1. The effects of different HLA-DRB1 and -DQB1 alleles and age on the level of antibodies to RAP1 were analyzed. DRB1 and DQB1 alleles which are observed frequently in the population were included in the analysis: DRB1*0102, *03011, *0701, *1101, *1301, and *1503 and DQB1*02, *0301, *03032, *0501, and *0602. Other DRB1 alleles (DRB1*0101, *03021, *1303, *0901, and *1001) and DQB1 alleles (DQB1*0601, *0603, *0604, *0608, *0302, *0502, and *0402) were not evaluated because there were fewer than five individuals with the given allele. Figure 3 shows the effect of age and HLA-DQB1 alleles on the mean OD of antibodies to RAP1. The age groups, individuals between the ages of 5 and 15 years and those over the age of 15 years, were selected because of the observed age related changes in median OD shown in Fig. 1 . When stratified by HLA-DQB1, the mean OD varied widely in the 5-to 15-year age group but not in the Ͼ15-year age group. Children between the ages of 5 and 15 years, who were positive for DQB1*03 (DQB1*0301 and DQB1*03032), have the highest mean OD values. Perhaps more importantly, this mean is not different from the mean OD observed in adults. Individuals positive for DQB1*0301 or DQB1*03032 had mean OD values close to that of DQB1*03 (data not shown).
Multiple regression was performed by using age and all DRB1 or all DQB1 alleles as independent variables. The two HLA-DQ alleles (DQB1*0301 and DQB1*03032) were analyzed together as the "DQB1*03 phenotype," as well as separately in a different regression. A significant association was observed between DQB1*03 and antibody level, but only in the 5-to 15-year age group (P ϭ 0.0007) and not in the Ͼ15-year age group (P ϭ 0.73). When DQB1*0301 and DQB1*03032 alleles were regressed as two separate variables, the P value remained significant for DQB1*0301 (P ϭ 0.003) and borderline for DQB1*03032 (P ϭ 0.014) in the 5-to 15-year group. These data suggest that the association is predominantly with DQB1*0301. The association between the level of antibodies to RAP1 and DQB1*0301 but not DQB1*03032 was shown to be dependent on age by using an interaction term (P ϭ 0.029 Effect of HLA and age on antibody levels to RAP2. The effect of HLA class II alleles on antibody levels to RAP2 was analyzed also. The same HLA-DR and HLA-DQ alleles were investigated as for RAP1. Figure 4 shows the effect of HLA-DRB1 alleles on the mean OD of antibodies to rRAP2. When stratified by HLA-DRB1, the mean OD varied in the Ͼ30-year age group but not in the 5-to 30-year age group. For RAP2, the two age groups were selected based on the observed age related changes in median OD shown in Fig. 2 . Individuals over the age of 30 years who are positive for DRB1*03011 have the highest mean OD.
Multiple regression was performed using age and all DRB1 or all DQB1 alleles as independent variables. A significant association between DRB1*03011 and antibody levels to RAP2 (P ϭ 0.0075) is observed even not taking age into account. If age (5 to 30 years versus Ͼ30 years) is included as an independent variable, then DRB1*03011 remains significant in the Ͼ30-year age group (P ϭ 0.0059) but not in the Ͻ30-year age group (P ϭ 0.63). Therefore, the interaction of HLA and age on RAP2 antibody levels affects the final level of antibody acquired. There was no association, positive or negative, observed between HLA-DQB1 and antibody levels to RAP2. Also, no significant negative association was observed for any HLA-DRB1 allele and RAP2 antibody levels.
Antibody correlations with the hemoglobin S gene. The effect of hemoglobin S on antibody production was evaluated, since the sickle cell trait is known to provide a strong protective factor against malaria and has been associated with higher levels of antibodies to certain asexual stage antigens. There is no significant difference between the antibody levels to rRAP1 of individuals who are AS heterozygotes compared to those who are AA homozygotes (AS mean OD ϭ 0.677; AA mean OD ϭ 0.644; P ϭ 0.6). Similarly, there is no difference between the antibody levels to rRAP2 between AS heterozygotes and AA homozygotes (mean OD of AS ϭ 0.555; mean OD of AA ϭ 0.479; P ϭ 0.29).
DISCUSSION
The design of our study, which looks at the acquisition of immunity to malaria from childhood to old age, has allowed us to document the interaction of HLA and age on levels of antibody to specific malarial antigens. The interactions between HLA and age on levels of antibody to rRAP1 and rRAP2 reported here show two different effects. First, the data suggest that HLA-DQB1 influences the rate of acquisition of antibody to rRAP1. The RAP1 data indicate that young subjects (5 to 15 years), who are positive for DQB1*0301 and *03032, have high levels of antibody to RAP1 earlier but that this difference in antibody level becomes insignificant in later years. The association between HLA-DQB1*0301 and DQB1*03032 and antibody levels to RAP1 in the 5-to 15-year age group is highly significant even after multiple regression in which all HLA alleles and age are included as independent variables. Such an influence could provide early protection for young children positive for HLA-DQB1*0301 and DQB1*03032 since Jakobsen and colleagues reported that young children (under 5 years) with high IgG reactivity to RAP1 have lower P. falciparum parasite densities compared to young children with low IgG (25) . Unfortunately, the village of Etoa did not allow blood to be drawn from children under the age of 5 years, the age when immunity to clinical symptoms and blood-stage parasites is presumably acquired, nor did our study design allow correlation with protection in the individuals tested.
Second, HLA may influence the overall antibody levels obtained, i.e., "high producers" rather than "early producers." The RAP2 data indicate that subjects over the age of 30 years, who are positive for DRB1*03011, have significantly higher levels of antibodies. Once again, if the protection provided by antibodies to RAP2 were sufficiently strong, individuals posi-
Mean OD values to rRAP1 stratified by HLA-DQB1 in individuals under the age of 15 years and those over the age of 15 years. The association between HLA-DQB1*03 (-*0301 and -*03032) and the levels of antibody to rRAP1 is significant in individuals of 5 to 15 years (P ϭ 0.0007) but not in individuals over the age of 15 years (P ϭ 0.73) by multiple regression analysis, using age and all DQB1 alleles as independent variables.
FIG. 4.
Mean OD values to rRAP2 stratified by HLA-DRB1 in individuals under the age of 30 years and those over the age of 30 years. The association between HLA-DRB1*03011 and the levels of antibody to rRAP2 is significant in individuals over the age of 30 years (P ϭ 0.0059) but not in individuals under the age of 30 years (P ϭ 0.63) by multiple regression analysis, using age and all DRB1 alleles as independent variables. tive for DRB1*03011 might have a higher level of protection compared to individuals with other HLA alleles. Obviously, by the time an individual reaches 30 years of age, they have antibodies to many different malarial antigens and the isolated benefit contributed by a given HLA allele to a given malarial antigen may be masked.
Previous studies have reported that HLA class II antigens are associated with antibody response, or the lack of a response, to certain malarial antigens (4, 6, 28, 40) . Interestingly, DQB1*0301 is associated with both an early response to RAP1 in Cameroon and with high antibody levels to SPf66 in a naturally exposed population in Papua New Guinea (4). The positive association of the antibody levels to SPf66, observed with DRB1*11 and DQB1*0301, becomes insignificant (P Ͼ 0.025) after multiple regression. In our study there was no significant association with DRB1*11, although both DRB1*1101 and DRB1*1102 were included in the group of individuals with high antibody levels to RAP1. Due to the combinations of HLA-DR and -DQ observed in Cameroon (N. Pimtanothai et al., submitted for publication), our data suggest that the HLA association is either with HLA-DQ or with another gene (or genes) located in the vicinity of DQB1.
The levels of antibodies to rRAP1, as suggested by the median OD, increase significantly above the age of 15 years and do not increase significantly after that time. On the other hand, the levels of antibodies to rRAP2 do not reach a maximum until after the age of 30 years. Studies in natives of Papua New Guinea have shown that maximum levels of antibody to both RAP1 and RAP2 do not appear until an individual is more than 30 years old (44) . Our studies indicate that maximum antibody levels to RAP1, but not to RAP2, may be reached by the age of 15 years in Cameroon. The peak median OD is lower for rRAP2 (median OD ϭ 0.62) than that observed for rRAP1 (median OD ϭ 0.81). Based on titrations of "immune" sera for standardization of the rRAP1 and rRAP2 ELISA, these OD values correspond to titers of Ͻ1:2,000 for RAP2 and of Ͼ1:10,000 for RAP1. These data are consistent with other studies which suggest that RAP2 is a weaker immunogen (24, 44) . Although cross-reactive antibodies to RAP1 are known to arise after immunization with RAP2 (44), the later age at which the peak median OD values are reached for RAP2, as well as the different associations between HLA and antibody level for RAP1 and RAP2, suggests that the associations observed are specific for the given molecule.
No "low-responder" alleles were identified. This is in contrast to the Papua New Guinea study in which a significant negative association was detected between the humoral responses against SPf66 and DR15 and DQB1*0601 (4). The DR15 allele associated with DQB1*0601 which is observed in Papua New Guinea is DRB1*1502 (15) . The DRB1*1502 DQB1*0601 haplotype is not observed in Cameroon. The only DR15 allele observed in Cameroon is DRB1*1503, which is found exclusively in individuals of African ancestry and differs from DRB1*1502 at codon 86, the major peptide anchor binding pocket for DRB1 molecules. DQB1*0601 is observed at Ͻ1% in Cameroon (Pimtanothai et al., submitted). In the Colombian Spf66 vaccine DRB1*04-positive individuals were reported to be low responders (28) . The negative association between DRB1*04 and antibody levels could not be evaluated in our study since there are no DRB1*04-positive individuals in Etoa, Cameroon. Since DRB1*04 alleles are present in such a low frequency in many African countries and in Papua New Guinea, it is interesting to hypothesize that DRB1*04 alleles might have been selected against in areas of intense malaria transmission.
The findings reported here are the first to indicate that both an HLA allele and an individual's age interact to affect the levels of antibodies to malarial antigens. Our study suggests that the effect of HLA is expressed at different ages for different malarial antigens and may influence the rate of acquisition of adult antibody levels, as well as the final level of antibodies acquired by adults. These data provide a model for investigating the influence of HLA and age on acquisition of immunity to malaria.
